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Understanding risk-diving factors, their indicators and result-
ing decision criteria: The interdisciplinary approach in  
Germany  Andreas Panenka a Julia Sorgatz b Julia Kasper c 
a Department B Structural Engineering, Federal Waterways Engineering and Research Institute (BAW), Germany b Department G Geotechnical Engineering, Federal Waterways Engineering and Research Institute (BAW), Germany c Department W Hydraulic Engineering in Inland Areas, Federal Waterways Engineering and Research Institute (BAW), Germany ABSTRACT This paper presents an interdisciplinary research programme in context with the reliability of transport infrastructures. The programme initiated by the German Federal Ministry of Transporta-tion and Digital Infrastructure (BMVI) aims at understanding underlying risk-driving factors, their indicators and resulting decision criteria. Using the example of the federal waterways in Germany illustrates the innovative approach. 
1 BAW: Technical expertise regarding waterways in Germany  With over 100 years of scientific tradition in the field of waterways engineering, the German Feder-al Waterways Engineering and Research Institute (“Bundesanstalt für Wasserbau”, BAW) deals with a multitude of challenging tasks. The predecessor institution of the BAW was the Royal Re-search Institute for Hydraulic Engineering and Shipbuilding ("Königliche Versuchsanstalt für Was-serbau und Schiffbau"), which was founded in Berlin in 1903. The BAW was assigned a technical and scientific mission, which covers all areas of waterways engi-neering relating to Germany's federal waterways. The BAW was also assigned responsibility for the building of special purpose ships for the Waterways and Shipping Administration (WSV). In addi-tion, the BAW manages the construction planning of special purpose ships for other non-military federal authorities. Today the BAW operates from its headquarters in Karlsruhe and offices in Hamburg. 
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2 The BMCI network of experts: An interdisciplinary approach 
2.1 Background In Germany, the infrastructure assets have a capital value of around 430 billion Euros. The consid-eration of the transport performance makes the added value impressively clear. In addition to pas-senger services, goods traffic with its approximately 655 billion tonne-kilometres plays a key role. In order to secure the transport performance, investments are urgently necessary. In view of the need to design and built a resilient and environmental-friendly transport system in Germany, the Federal Ministry of Transport and Digital Infrastructure (BMVI) is taking an innovative course of action. It pools the expertise and skills of its departmental research facilities and executive agencies in the BMVI Network of Experts (NoE) under the guiding principles “Knowledge – Ability – Action”. The network, founded January 2016, is a new format of departmental research, which is formed by seven departmental research facilities and executive agencies of the BMVI (c.f. Federal Ministry of Transport and Digital Infrastructure 2017). Panenka, A.; Sorgatz, J.; Kasper, J.: Understanding risk-diving factors, their indicators and resulting decision critaria: The interdisciplinary approach in Germany. In: PIANC, ACP (eds.): 34th PIANC World Congress: Connecting Maritime hubs globally, 7 to 11 of May 2018, Panama. Bruxelles:  PIANC Secrétariat Général. 2018, S. 1-8. S. 2 The collaborating institutions are: 
∂ Federal Highway Research Institute (BASt) 
∂ Federal Institute of Hydrology (BfG) 
∂ Federal Waterways Engineering and Research Institute (BAW) 
∂ Deutscher Wetterdienst (German Meteorological Service, DWD) 
∂ Federal Office for Goods Transport (BAG) 
∂ Federal Maritime and Hydrographic Agency (BSH) 
∂ Federal Railway Authority (EBA) 
2.2 Organisation of the NoE The NoE covers five distinctive research topics (see Figure 1). Each of these areas is subdivided into several key topics (KT) dedicated to specific fields of interest. At the administrative level, the steer-ing committee establishes the direct link to high-level governmental and departmental authorities and administrations. Assisted by the scientific task force, the coordination board ensures a smooth cooperation between the involved parties by managing the administrative and organisation work. 
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 Figure 1: The BMVI Network of Experts Knowledge-Ability-Action 
2.3 The BAW as part of the interdisciplinary approach As technical advisor to the BMVI, the BAW is part of the NoE. The research activities of BAW con-sider the particular requirements of the waterway infrastructure. The NoE currently funds 10 R&D projects and 12 R&D positions of the BAW. Each of the projects is associated to one specific re-search area, which covers certain aspects regarding the understanding of risk-driving factors, their indicators and resulting decision criteria in context with civil engineering structures. 
Topic 1: Adapting transport and infrastructure to climate change and extreme weather 
events Topic 1 identifies the vulnerabilities to traffic and infrastructure caused by climate change and ex-treme weather events, and then develops appropriate adaptation options. Here, the resilience to extreme weather events and the consequences of climate change as well as the sustainable usability of the transport infrastructure are of particular importance. By linking the expertise of DWD, BSH, BfG, BAW, EBA and BASt, the respective specific knowledge on climate development will be com-bined with practical knowledge on the three modes of transport: road, rail and waterway. Topic 1 is divided into nine key topics, which deal with the provision of data as well as concrete hazard scenarios. These include floods, storms, landslides and waterway-specific hazards. The re-sults are included in a risk management system, which will be further developed in this topic. With regard to the projected impacts of climate change, adaptation options are being developed and tested, both for individual modes of transport and across modes of transport. Simulation   
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Panenka, A.; Sorgatz, J.; Kasper, J.: Understanding risk-diving factors, their indicators and resulting decision critaria: The interdisciplinary approach in Germany. In: PIANC, ACP (eds.): 34th PIANC World Congress: Connecting Maritime hubs globally, 7 to 11 of May 2018, Panama. Bruxelles:  PIANC Secrétariat Général. 2018, S. 1-8. S. 3 models and analysis methods are applied and validated using two focal regions, coast and inland. The BAW is represented in all key topics and contributes its experience as well as the knowledge gained in the context of the projects, in particular from analyses of numerical model examinations 
Topic 2: Designing environmental friendly transport and infrastructure Topic 2 has the goal to find solutions for a design of transport and infrastructure, which is envi-ronmental-friendly and sustainable. This objective is pursued in five key topics, dedicated to 
∂ biodiversity and structural diversity of transport routes, 
∂ invasive species (neobiota) being introduced and spread by the transport mode, 
∂ transport-related material loads, 
∂ building and construction-related emissions and 
∂ reducing noise and noise emissions. The BAW is involved in a project, which works on operational and technical improvements of in-land navigation regarding the reduction of emissions. For this purpose, a dynamic vehicle model (FaRAO) is used to simulate inland waterway vessels. This model is extended by a special engine model, which also simulates the emissions of an inland vessel at different operating points of the engine. To calibrate and validate the engine model, vessel and engine data are surveyed under real operating conditions. The first test will be conducted in the area of the port of Duisburg. Eventually, the spread of emissions of all modes of transport using an air pollutant transport model with chem-ical reaction equations. 
Topic 3: Increasing Reliability of Transport Infrastructure The reliability of the infrastructures is regarded as essential aspect of a resilient transportation system. The bulk of the German transportation network lies on infrastructures that were construct-ed several decades ago and which actually require continuous maintenance and modernisation. Thus, combined effects of aging infrastructure, altered and generally higher traffic impacts over their lifetime as well as environmental stressors increase risks in terms of the reliability associated with these transportation infrastructures. In this regard, the past efforts in maintaining the infra-structures have been nowhere near sufficient, and have resulted in a considerable investment back-log. 
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In this context, Topic 3 investigates methods and concepts, which could help in increasing the relia-bility of the transportation infrastructure again. Reliability is defined as “ability of a structure or a structural member to fulfil the specified requirements, including the design working life, for which it has been designed.” (DIN EN 1990:2010) This definition implies that functional requirements (i.e. limit states), structural behaviour, actual and future live load scenarios, as well as possible deterio-ration processes are generally known, measureable, and continuously evaluated over the whole operational lifetime of the structure. In a consequence, an effective maintenance management sys-tem must also consider inevitable uncertainties associated with these aspects. Topic 3 consists of four key topics: 
∂ state-of-the-art field tests methods to assess the condition of the infrastructure 
∂ modern reliability evaluation tools, both qualitative and quantitative 
∂ availability and vulnerability of infrastructure under extreme weather events 
∂ rehabilitation measures under operation Altogether, these key topics aim at developing a proactive and future-oriented maintenance man-agement system which helps to increase the reliability of the transportation infrastructure in Ger-many (see PANENKA et. al 2018). 
Topic 4: Consistently developing and using digital technologies The aim of Topic 4 is to positively influence digital technologies through networking of depart-mental research and BMVI technical authorities. The thematic focus is thus on the consistent use of the possibilities of information and communication technologies with a focus on inter- Panenka, A.; Sorgatz, J.; Kasper, J.: Understanding risk-diving factors, their indicators and resulting decision critaria: The interdisciplinary approach in Germany. In: PIANC, ACP (eds.): 34th PIANC World Congress: Connecting Maritime hubs globally, 7 to 11 of May 2018, Panama. Bruxelles:  PIANC Secrétariat Général. 2018, S. 1-8. S. 4 agency cooperation in the area of information provision and IT-use. The topic is currently in a con-ception phase. The BAW observes the development of this topic. 
Topic 5: Enhanced development of renewable energy in transport and infrastructure Topic 5 works on the various application and extraction potentials of renewable energies in an in-termodal approach to transport and infrastructure. A cross-cutting pilot project on this topic will initially show the benefits of joint research in this area with the participation of different depart-mental institutions. The involved higher authorities work together to develop concepts for a signifi-cantly increased use of renewable energies in the transport infrastructure. This also includes the operation of maintenance and repair vehicles. Options and recommendations are being developed 
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so that the modes of transport waterway, rail and road can increasingly make their contribution to climate protection in the future. Topic 5 is currently in a conception phase. The BAW observes the development of this topic. 
3 Increasing the reliability of the waterway infrastructures The waterway infrastructure features a large number of structures with a high diversity. Thus, the determination of risks emerging from these structures requires profound technical knowledge and adequate evaluation tools. In this regards meaningful structural indicators in combination with additional data sources like geographic information systems (GIS) or advanced metrological weath-er models are essential for an efficient risk assessment. The combination of all information allows an understanding of risk-driving factors, which helps to define the essential decision criteria. This knowledge evokes an increasing demand for new technologies and methodologies helping to re-duce both the actual impact of disruptive metrological events on the infrastructure and the poten-tial risks of possible failure scenarios.  
 Figure 2: The organization chart of Topic 3 In this context, the interdisciplinary research activities of Topic 3 in the NoE show first results, which especially support the need for an improvement of the reliability of waterway infrastruc-tures. 
3.1 Reducing the impact of disruptive events with smart water level control The water level of the German waterways is usually subject to a strict water level control. Disrup-tive events for the automated water level control of impounded waterways are often caused by unknown lateral inflows, such as storm water overflow from urban areas after heavy rainfall events. In order to avoid violations of the water level tolerance and reduce discharge fluctuations, 
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the BAW is developing a new control strategy. A smart water level control should be based on a model of the impounded river section, high-resolution precipitation forecasts for urban catchment areas and communication between neighbouring impoundments (KASPER, J. et al. 2017). The de-velopment process of a smart water Panenka, A.; Sorgatz, J.; Kasper, J.: Understanding risk-diving factors, their indicators and resulting decision critaria: The interdisciplinary approach in Germany. In: PIANC, ACP (eds.): 34th PIANC World Congress: Connecting Maritime hubs globally, 7 to 11 of May 2018, Panama. Bruxelles:  PIANC Secrétariat Général. 2018, S. 1-8. S. 5 level control shows the benefits of a close cooperation between institutions providing competences in meteorology, hydraulic engineering and control technology. Essential risk factors are the prediction accuracy of extreme rainfall events and, subsequently, the precise control of the resulting discharge. The higher the difference between the summer base dis-charge and lateral inflow due to extreme weather events, the higher the requirements for the water level control system. The main indicator for the effectiveness of the water level control system is the extent of water level fluctuations in the waterways, which shall be minimized. Figure 3 shows a schematic representation of smart water level control. A rainfall-runoff model estimates future lateral inflow using probabilistic weather forecast by the DWD. Based on these predictions and on information from upstream impoundments, the model predictive control sys-tem, developed by AMANN et al. (2000), calculates ideal water level and discharge trajectories us-ing optimization procedures. In this way discharge fluctuations are homogenized, which increases the reliability of the affected transport infrastructure and thus the safety of shipping. A pilot project is being carried out for the Hofen impoundment at the river Neckar. This area was chosen because the lateral inflow due to extreme rainfall events during summer season may be considerably great-er than the summer base discharge of the waterway. 
 Figure 3: Schematic representation of smart water level control at navigable waterways 
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3.2 Eliciting expert knowledge about structural deterioration processes and dam-
age scenarios Assessing deterioration processes and damage development are crucial parts of a reliability analy-sis. Both they depend on strongly varying initial and boundary conditions. In this regard, the elicita-tion and usage of available expert knowledge is indispensable. So-called guided expert interviews (e.g. BOGNER, A. et al. 2009; MILES, M. B. et al. 2014) were used during the design process for a full-scale embankment model test. The interviews were conducted to analyse the long-term damage development of loose riprap embankments (SORGATZ, J. 2018). Based on results of the expert in-terviews, the model test was designed (see Figure 4). The model was finally erected in the wave basin of the BAW, which allows observing degradation caused by hydraulic loads after initial dam-age. The work is complemented by calculations using state-of-the-art reliability methods in analyti-cal and numerical models (e.g. BAECHER, G.B. & CHRISTIAN, J.T. 2003) as well as a long-term field monitoring campaign. In order to monitor armour stone displacements laser scanner and the struc-ture-from-motion technique are utilised (SORGATZ, J. & LEISMANN, K. 2018). The project uses state-of-the-art engineering solutions as well as established methods known from social sciences. The interdisciplinary approach of the project attracted great interest within the NoE. Furthermore, it is an excellent example of how different data sources and expert knowledge may be combined to acquire profound technical knowledge, which eventually leads to a well-founded engineering solution. Panenka, A.; Sorgatz, J.; Kasper, J.: Understanding risk-diving factors, their indicators and resulting decision critaria: The interdisciplinary approach in Germany. In: PIANC, ACP (eds.): 34th PIANC World Congress: Connecting Maritime hubs globally, 7 to 11 of May 2018, Panama. Bruxelles:  PIANC Secrétariat Général. 2018, S. 1-8. S. 6 
 Figure 4: Model test design in the BAW wave basin  
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3.3 Risk assessment based on the structural condition of civil engineering struc-
tures The detailed, i.e. quantitative, assessment of the structural reliability is a complex task and consid-ered unfeasible when dealing with a large number of structures. In the field of mechanical engineer-ing, qualitative methods are often used to assess the reliability of processes and products on a more general level. These methods are fairly unknown to civil engineers but prove beneficial in analysing inspection data and expert knowledge. The widely used Failure Mode and Effect Analysis (FMEA) was adapted to make use of data already available in the maintenance management system of the BAW (see Figure 5). The FMEA is a systematic and inductive method. Its fundamental idea is the assessment of every possible failure modes within any system, system member or product compo-nent. Likewise, possible failure consequences and failure causes are identified. Finally, the proce-dure leads to a risk assessment and the determination of optimization measures. The method aims at identifying risks and weak spots as early as possible in order to implement improvements early enough (BERTSCHE, B. & LECHNER, G. 2004). Furthermore, the method allows the consideration of both qualitative and quantitative data. The risk assessment results in a ranking of the identified failure modes supporting the prioritization of optimization measures for the most effective im-provement in comparison to the actual situation. 
 Figure 5: Implementation of FMEA in the condition assessment of civil engineering structures Panenka, A.; Sorgatz, J.; Kasper, J.: Understanding risk-diving factors, their indicators and resulting decision critaria: The interdisciplinary approach in Germany. In: PIANC, ACP (eds.): 34th PIANC World Congress: Connecting Maritime hubs globally, 7 to 11 of May 2018, Panama. Bruxelles:  PIANC Secrétariat Général. 2018, S. 1-8. S. 7 The FMEA was enhanced with fuzzy logic-based evaluation methods providing comprehensive key figures for a comparative risk assessment on a large number of structures (PANENKA, A. & 
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NYOBEU, F., 2018a). In a second step, different structures may be compared based on the results of the first step (PANENKA, A. & NYOBEU F., 2018b). To do so, the results of the first step are summa-rized in a so-called risk profile of the structure (see Figure 6). The higher the risk profile the more risky is the condition of the structure. Such qualitative risk assessment then helps in the decision process about further actions such as intensifying rehabilitation measures or installing a smart wa-ter level control in order to reduce the water load variation on river weirs.  
 Figure 6: Risk profiles of four different weir structures based on failure causes 1 to 6 
4 Conclusion  The presented projects demonstrate the benefits of interdisciplinary research approaches with regard to the understanding of risk-driving factors, their indicators and resulting decision criteria. The results achieved so far add profound and comprehensive information to the ongoing discus-sions about efficient investment strategies in order to reduce the risks emerging from an aging in-frastructure. In this way, the research activities of the BAW contributes to the urgently required reduction of the maintenance backlog and, eventually, to a reliable, highly available infrastructure. The NoE is a future-oriented approach to bundling the strengths of research facilities and authori-ties. It is accompanied by visionary roadmaps for the individual topics and a comprehensive strate-gic plan. At the technical level, contacts are established and a common methodological and technological knowledge base is built up. At the decision-making level, the necessary organizational structures and processes are developed and adapted to the needs of the experts involved in the projects. Already in this early phase of the NoE, several obstacles have been overcome in interagen-cy cooperation. First publications at national and international level are in preparation or will be published soon. In 2018 and 2019, scientific and political events will be held more frequently in order to communicate the benefits of the BMVI Network of Experts to transport infrastructure op-erators and to decision makers in politics. The projects are continuously presented on www.bmvi-expertennetzwerk.de/EN. 
 Autorenfassung des Artikels: Panenka, A.; Sorgatz, J.; Kasper, J.: Understanding risk-diving factors, their indi-cators and resulting decision criteria: The interdisciplinary approach in Germany, 2018. 
- 11 - 
Acknowledgment The BMVI Network of Experts, a multidisciplinary research program initiated by the German Fed-eral Ministry of Transport and Digital Infrastructure (BMVI), financed and supported the research work outlined in this article. 
References 
Amann, K.-U., Arnold, E. & Sawodny, O. (2016): Online real-time scheduled model predictive feed-forward control for impounded river reaches applied to the Moselle river. In: 2016 IEEE In-ternational Conference on Automation Science and Engineering (CASE): 1276–1281. IEEE, Fort Worth, Texas, USA, 21 – 24 August 2016. Panenka, A.; Sorgatz, J.; Kasper, J.: Understanding risk-diving factors, their indicators and resulting decision critaria: The interdisciplinary approach in Germany. In: PIANC, ACP (eds.): 34th PIANC World Congress: Connecting Maritime hubs globally, 7 to 11 of May 2018, Panama. Bruxelles:  PIANC Secrétariat Général. 2018, S. 1-8. S. 8 
Baecher, G. B. & Christian, J. T. (2003). Reliability and statistics in geotechnical engineering. Wiley, Chichester 
Bertsche, B. & Lechner, G. (2004). Zuverlässigkeit im Fahrzeug- und Maschinenbau. Ermittlung von Bauteil- und System-Zuverlässigkeiten. Berlin, Springer Verlag, Heidelberg 
Bogner, A. et al (Eds.) (2009). Interviewing Experts. Palgrave Macmillan, Basingstoke DIN EN 1990:2010. Eurocode - Basis of structural design. Beuth, Berlin 
Federal Ministry of Transport and Digital Infrastructure (2017). BMVI Network of Experts: Knowledge – Ability - Action. Berlin: printed in-house; available online: http://www.bmvi-expertennetzwerk.de/DE/Publikationen/Medien/Brochure-Expertennetzwerk.pdf 
Kasper, J., Simons, F., Belzner, F. & Schmitt-Heiderich, P. (2017): Einfluss von Starkregenereignissen auf die Abfluss- und Stauregelung am Beispiel der Neckarstauhaltung Hofen. In: Modellie-rung aktueller Fragestellungen zur Wassermengenbewirtschaftung an Bundeswasserstra-ßen. Bundesanstalt für Gewässerkunde, Veranstaltungen 5/2017, Koblenz, Germany, 13 – 14 September 2016 
Miles, M. B. et al. (2014): Qualitative data analysis. A methods sourcebook (3. ed.), Sage Publ, Los Angeles, Calif. 
 Autorenfassung des Artikels: Panenka, A.; Sorgatz, J.; Kasper, J.: Understanding risk-diving factors, their indi-cators and resulting decision criteria: The interdisciplinary approach in Germany, 2018. 
- 12 - 
Panenka, A. et al. (2018). Reliability assessment of infrastructure in Germany: Approaching a holis-tic concept. In Caspeele, R. et al. (ed.): 6th International Symposium on Life-Cycle Civil Engi-neering (IALCCE 2018). Proc. intern. symp, Ghent, 28 – 31 October 2018; not yet published. 
Panenka, A. & Nyobeu, F. (2018a). Maintaining an aging infrastructure based on a fuzzy risk as-sessment methodology. In Qian, X. D. et al. (ed.): 6th International Symposium on Reliability Engineering and Risk Management. Proc. intern. symp, Singapore, 31 may – 1 June 2018; not yet published 
Panenka, A. & Nyobeu, F. (2018b). Condition assessment based on results of qualitative risk anal-yses. In Caspeele, R. et al. (ed.): 6th International Symposium on Life-Cycle Civil Engineering (IALCCE 2018). Proc. intern. symp, Ghent, 28 – 31 October 2018; not yet published 
Schmidt-Bäumler, H. (2017). Risk-based maintenance management system for waterway infrastruc-tures in Germany. In Bakker, J. et al. (ed.) Life-Cycle of Engineering Systems: Ehasis on Sus-tainable Civil Infrastructure: 559-566. London: Taylor & Francis Group 
Sorgatz, J. & Kayser, J. & Schüttrumpf, H. (2018): Expert interviews in long-term damage analysis. In Caspeele, R. et al. (ed.): 6th International Symposium on Life-Cycle Civil Engineering, Ghent, 28 – 31 October 2018; not yet published 
Sorgatz, J. & Leismann, K. (2018): Damage assessment of bank revetments using SfM and 3D laser scanning. In Qian, X. D. et al. (ed.): 6th International Symposium on Reliability Engineering and Risk Management. Proc. Intern. Symp, Singapore, 31 May – 1 June 2018; not yet pub-lished 
Stamatis, D.H. (2003). Failure Mode and Effect Analysis: FMEA from Theory to Execution. ASQ Press, Milwaukee 
Westoby, M. J. et al. (2012). ‘Structure-from-Motion’ photogrammetry. A low-cost, effective tool for geoscience applications. In: Geomorphology 179: 300–314 
Autor  Andreas Panenka andreas.panenka@baw.de  Julia Sorgatz julia.sorgatz@baw.de  Julia Kasper  julia.kasper@baw.de 
